Abstract: This study examined the relationship between foliar isoprene emissions, light use efficiency and photochemical reflectance index (PRI) throughout the canopy profile and explored the contribution of xanthophyll cycle pigments versus other carotenoid pigments to the isoprene/PRI relationship. Foliar isoprene emissions within the canopy profile were measured in a high-density poplar plantation in Flanders (Belgium) during the 2016 growing season. The results confirmed that PRI was a promising estimator of isoprene emissions at canopy level. Interestingly, xanthophyll cycle pigments contributed more to isoprene biosynthesis than chlorophyll and drove the isoprene/PRI relationship. The simple independent pigment index and novel defined indices, such as the hyperspectral isoprene index and simple hyperspectral isoprene index, showed promising results and could be suitable estimators of isoprene emissions due to their strong relationship with the xanthophyll pool.
Introduction
Plants are an important source of biogenic volatile organic compounds (BVOC) with about 1150 Tg C yr −1 emitted by plants to the atmosphere globally and 500 Tg C yr −1 emitted as isoprene [1] . The emission of isoprene has a large impact on the Earth's atmospheric composition and climate because of its high reactivity in the troposphere [2] . In particular, the presence of isoprene in the atmosphere alters the NO-NO 2 -O 3 cycle, responsible for O 3 formation-degradation [3] leading to the formation of other secondary pollutants, such as peroxyacyl nitrates and particulate matter [4] .
Isoprene emissions from an ecosystem can either be directly quantified at the foliar level through cuvette measurements or indirectly at the canopy level. Currently, ecosystem level monitoring sites are scarce worldwide; therefore, the quantification of isoprene emissions at the canopy level is far from being resolved with the available models and field measurements [5] . The widely used Model of Emissions of Gases and Aerosols from Nature (MEGAN model ) [6] incorporates the instantaneous responses of emissions to changes in radiation fluxes and foliar temperature within the canopy, and to factors representing the influence of past conditions of temperature and radiation, the effect of soil-moisture stress and the leaf age estimated using the leaf area index. The parameterization of the emission inhibition due to soil-moisture stress depends on such limited information as soil-water moisture, which has led to contradictory findings across various models [7] .
The seasonal variability of isoprene emissions can be determined by the application of remotesensing techniques for the detection of formaldehyde [8] or by detectable changes in foliar carotenoid concentrations. A strong relationship has been reported between foliar isoprene emissions and the photochemical reflectance index (PRI) [9, 10] , a remotely sensed vegetation index based on the leaf xanthophyll cycle and on the leaf chlorophyll/carotenoids ratio [11, 12] . The combined use of this index with a model, such as MEGAN, can lead to better predictions of foliar isoprene emission variability [5] . The direct comparison of ecosystem isoprene emissions with information derived from remotely sensed vegetation indices has been recently investigated by using PRI derived from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data [13] . Two previous studies investigated the use of PRI to quantify isoprene emissions, but both were performed under controlled environmental conditions on small potted poplar shoots [5, 14] . Further information is needed to fully understand the applicability of the isoprene/PRI relationship for scaling up foliar information to an ecosystem scale. In this regard there is a need to clarify the role of xanthophyll versus carotenoids in the PRI signals related to isoprene emissions [13] . In this study, we, therefore, aimed to better understand the relation between foliar isoprene emissions, light use efficiency (LUE) and PRI throughout the canopy profile and the contribution of pigment pools to the isoprene/PRI relationship under natural environmental conditions.
Materials and Methods

Field Study Site and Sampling Protocols
All measurements were performed at an existing field site in Lochristi, Belgium (51 • 06 44"N 3 • 51 02"E) at an elevation of 6 m a.s.l. The intensively cultured poplar plantation was established in 2010 (http://uahost.uantwerpen.be/popfull/) and consisted of 12 poplar (Populus) genotypes planted in monoclonal blocks with a tree density of 8000 cuttings ha −1 . An exhaustive description of the study site and its management as well as of the poplar materials has been previously published [15, 16] . Poplars (Populus) are strong emitters of isoprene, as observed in canopy-scale studies for this plantation [17, 18] , with an annual return of assimilated carbon in the form of isoprene at around 0.3% [19] . This study focused on the growing season of the year 2016, the third and last year of the third rotation after the coppice in early 2014. Foliar measurements were made between mid-July and the end of August 2016 in correspondence with the maximum growth period and to the peak of isoprene emissions [19] . Four field campaigns were performed during sunny (photosynthetically active radiation, PAR ≥ 900 µmol m −2 s −1 ) days. Among the genotypes at the plantation, one of the most productive and strongest isoprene emitters, genotype Skado (Populus trichocarpa × Populus maximowiczii), was selected for measurements [17] . Five shoots per genotype were selected and their vertical canopy profile sampled: 5 shoots × 2 heights (adult leaves at 3.5 m and at the top of the canopy at 8 m) × 2 leaves at each height, i.e. 20 samples in total, where the photosynthetic capacity, associated isoprene emissions, and hyperspectral reflectance were measured.
Measurements of Photosynthetic Capacity and Light-Use Efficiency
All measurements at foliar level were made between 11:00 a.m. and 2:00 p.m. (CET), because isoprene emissions and PAR were highest at midday [17, 19] . The leaf photosynthetic capacity (A max , µmol m −2 s −1 ) was measured with a portable CO 2 /H 2 O exchange system (LI-6400, LI-COR, Lincoln, NE, USA) by clamping leaves in a 6 cm 2 cuvette. The instrument was set-up with the same parameters as proposed in earlier studies [17, 20] . The cuvette air flow rate was 400 µmol s −1 and the CO 2 concentration inside the cuvette was kept at 400 ± 4 µmol mol −1 . The LI-6400 was set to a PAR of 1000 µmol m −2 s −1 , a block temperature of 25 • C and a vapor pressure deficit of 1.07 ± 0.03 kPa. Reflectance was measured immediately after A max on the same leaves. We calculated LUE as the ratio between A max and the incident PAR reaching each leaf. Foliar samples were then collected for pigment extraction.
Measurements of Isoprene Emissions
While A max was being measured, the air exiting the leaf cuvette was routed to fill a 0.6 L Tedlar sampling bag (model 30284-U Supelco, Eighty Four, PA, USA) equipped with a screw cap valve and a Thermogreen septum. The gas exchange cuvette was flushed with VOC-free air previously scrubbed with a charcoal filter (Supelco, Eighty Four, PA, USA) placed ahead of the inlet [17] . Within one hour after collection the air in each bag was flushed to a quadrupole-based proton-transfer-reaction mass spectrometer (PTR-MS) (Ionicon, Innsbruck, Austria) for at least 10 s at a rate of~2 Hz, and the concentration of isoprene of at least 20 data points in the time series was averaged. The PTR-MS instrument was calibrated before every field campaign. The reaction rate of isoprene within the PTR-MS was assessed with a gas mixture containing a known concentration of isoprene, which had been transferred to a Tedlar bag for one hour. This practice did not only accurately calibrate the instrument to calculate the isoprene concentration in the air sample, but it also included the possible influence of the bag on the isoprene concentration stability, even if the bag material was the most suited to contain VOC due to its inert surfaces. The isoprene concentration measured in the sampling bags was transformed to a foliar isoprene emission rate (Φ isoprene , nmol isoprene m −2 s −1 ) using the following equation:
where C isoprene is the concentration of isoprene in the sample bag (ppbv), Q cuvette is the molar flow rate of the cuvette (mol s −1 ) and A cuvette is the area of the leaf enclosed in the LI-COR cuvette (m 2 ).
Measurements of Hyperspectral Reflectance
Foliar hyperspectral reflectance was measured over the spectral region between 350 and 1600 nm (2-nm sampling interval) by coupling an ASD FieldSpec FR Pro spectroradiometer (ASD, Boulder, CO, USA) with a leaf clip. Hemispherical reflectance was derived as the ratio of reflected to incident radiance. Each reflectance spectrum was automatically calculated and stored by the spectroradiometer as an average of 20 readings. Dark current was measured before starting each spectral sampling. These measurements were done immediately after the leaf photosynthetic and isoprene measurements. We calculated PRI [9] , which has been demonstrated to be a good proxy of isoprene emissions. Furthermore, PRI is sensitive to changes in LUE and xanthoplyll cycle activity. The foliar spectral response at 531 nm, a spectral band that correlated with diurnal changes of LUE, is affected by conversions of xanthophyll cycle pigments between their epoxidized and de-epoxidized states. The idea to use PRI in predicting foliar isoprene emissions is based on the inverse relationship between isoprene emissions and LUE. Foliar photosynthetic activity is reduced when LUE is low and consequently more reducing power for isoprene production is available. Many studies have reported that isoprene emissions are related to carotenoid content [21, 22] . The existence of the relationship between isoprene emissions and carotenoids is based on either substrate availability or complementary functionality. We therefore calculated the structural independent pigment index (SIPI) [10] , a proxy of carotenoid/chlorophyll ratio, in addition to PRI to test this hypothesis. We calculated SIPI using the spectral reflectance at 445 nm, which corresponds to the carotenoid absorption peak, and reflectance in the red region (680-800 nm), which is related only to chlorophyll.
where R is the reflectance at the selected wavelength band (nm).
In order to explore the use of hyperspectral data for estimating isoprene emissions, and LUE, we performed a correlation analysis between the two spectral reflectance indices (PRI or SIPI as independent variables) and these (isoprene emissions and LUE) dependent variables.
Additionally, we calculated simple spectral ratio (SR) and normalized spectral difference (NSD) indices using all possible combinations of two-band (i and j) reflectance (R) between 400 and 1000 nm (180, 600 combinations).
Linear regression analyses were performed among all possible wavelength combinations for SR and NSD and the investigated dependent variable (i.e., isoprene emissions). The performance of linear models in predicting the dependent variables was evaluated by the coefficient of determination (R 2 ) and the root mean square error (RMSE). The linear models used log-transformed values of isoprene emissions. The NSD and SR with highest R 2 were selected as the best indicators of isoprene emissions. In particular, we defined NSD as HYPI (HYPerspectral Isoprene) index and SR as sHYPI (simple HYPerspectral Isoprene) index. A Pearson's correlation analysis was performed (see Section 2.6 for more details).
Pigment Analyses
Foliar samples were collected immediately after the reflectance measurements, immediately frozen in liquid N 2 in the field, and then stored at −80 • C. Pigments were extracted and analyzed by high-performance liquid chromatography (HPLC) using a 1260 Infinity chromatograph (Agilent Technologies, Santa Clara, CA, USA) as described by Thayer and Björkman [23] to determine the foliar pigment concentrations. The HPLC system was calibrated using commercial pigment standards.
Xanthophyll-cycle pigment pools (VAZ) were determined as the sum of violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z) concentrations. Total carotenoids (Car) were determined as the sum of VAZ, neoxanthin (N), lutein (L), and β-carotene (b) concentrations. Total chlorophyll (Chl) was determined as the sum of chlorophyll-a and -b concentrations. Carotenoid pigment levels were normalized to Chl levels. The epoxidation state (EPS) of the xanthophyll cycle was expressed as:
Statistical Analyses
We applied exponential regression models and a correlation analysis to investigate the relationships between the vegetation indices, the rate of foliar isoprene emissions and LUE.
We built linear models with the predictors of isoprene emissions (i.e., PAR, PRI and canopy position) to evaluate how much of the variability of isoprene emissions could be explained by combinations of predictors. The canopy position predictor took into account the leaf age and structure. The linear models used log-transformed values of isoprene emissions. We conducted a univariate analysis for each variable to determine the correlation between each predictor and isoprene emissions. We used a single linear regression for continuous variables and one-way analysis of variance (ANOVA) with post hoc Tukey's honest significance difference (HSD) tests for categorical variables. We performed stepwise backward regression analysis (SBRA) by considering all variables together and successively removing the least important variable that did not pass a multicollinearity test, i.e. with a variance inflation factor > 5. The original model was compared with a new model with one variable removed using the likelihood ratio and the Akaike information criterion. The new model was not accepted if the likelihood ratio increased.
Finally, we performed the Pearson linear correlation analysis to investigate the roles of xanthophyll-cycle pigments and other carotenoid pigments in the vegetation indices linked to isoprene emissions. All statistical analyses used R statistical software (version 3.1.2).
Results
Canopy Profile of
Foliar isoprene emissions were exponentially correlated (R 2 > 0.92) with both PAR (Figure 1a ) and LUE (Figure 1b) . PRI also correlated exponentially with foliar isoprene emissions ( Figure 2a ) and with LUE (Figure 2b) . Results of linear correlation analyses between log-transformed foliar isoprene emissions, PAR and PRI are presented in Table 1 . A significant linear relationship between log-transformed isoprene emissions and PAR was found (R 2 = 0.94; p < 0.01). Also, PRI showed a significant linear relationship with log-transformed isoprene emissions. Considering PAR, PRI and canopy position as predictors in only one model, SBRA analysis on the same dataset produced a model with a high value of R 2 = 0.95 (Table 1) . Only PAR and PRI showed a significant correlation, while canopy position-that was related to leaf age and structure-did not have significant importance. Foliar isoprene emissions and LUE were highly correlated (R 2 = 0.82 and 0.90, respectively) to SIPI ( Figure 3 
Results
Canopy Profile of Foliar Isoprene Emissions, Light Use Efficency and Photochemical Reflectance Index
Overall, adult leaves at the top of the canopy (8 m) emitted more isoprene (38.5 ± 4.5 nmol m −2 s −1 , average ± SE) than leaves positioned at the lowest level of 3.5 m (11.4 ± 4.5 nmol m −2 s −1 ). Of the incoming PAR that reached the top of the canopy (1526 ± 213 µ mol m −2 s −1 ) only about 23% reached leaves positioned at 3.5 m (355 ± 221 µ mol m −2 s −1 ). Leaf temperature was slightly lower in leaves at the lower level (25.6 ± 0.8 °C) compared to the upper level (26.5 ± 1.7 °C).
Foliar isoprene emissions were exponentially correlated (R 2 > 0.92) with both PAR (Figure 1a ) and LUE (Figure 1b) . PRI also correlated exponentially with foliar isoprene emissions ( Figure 2a ) and with LUE (Figure 2b) . Results of linear correlation analyses between log-transformed foliar isoprene emissions, PAR and PRI are presented in Table 1 . A significant linear relationship between logtransformed isoprene emissions and PAR was found (R 2 = 0.94; p < 0.01). Also, PRI showed a significant linear relationship with log-transformed isoprene emissions. Considering PAR, PRI and canopy position as predictors in only one model, SBRA analysis on the same dataset produced a model with a high value of R 2 = 0.95 (Table 1) . Only PAR and PRI showed a significant correlation, while canopy position-that was related to leaf age and structure-did not have significant importance. Foliar isoprene emissions and LUE were highly correlated (R 2 = 0.82 and 0.90, respectively) to SIPI (Figure 3 ) following exponential functions. 
Exploring Novel Vegetation Indices to Predict Isoprene Emissions
As expected, the correlograms returned the highest correlation values in the spectral band region of PRI around 531 nm and 570 nm (Figure 4) . Interesting insights may be gained from the two correlograms. Both the NSD and SR indices are highly correlated in the same spectral regions. The correlations were strongest either for indices combining bands in the visible range (VIS < 700 nm) or at the red end of the spectrum into the near infrared (NIR > 700 nm), corresponding to spectral regions used by indices such as PRI and the water-band index (WI), respectively. Spectral regions of well-known indices, such as the normalized vegetation index (NDVI), SR and SIPI, that exploit the contrasting reflectance magnitudes in the visible and NIR, had slightly lower correlations with isoprene emissions. Combining bands for pigments between 400 and 520 nm and NIR bands (between 780 and 1000 nm) in particular produced good correlations.
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Relationship between Foliar Pigments and Vegetation Indices
The VAZ/Chl ratio showed the highest correlation (r = 0.97) with foliar isoprene emissions ( Table  2) . PRI, HYPI and sHYPI correlated best with VAZ/Chl ( Table 2 ; r = −0.93, −0.97 and −0.97, respectively). SIPI correlated slightly better with V/Chl (r = −0.89) than with VAZ/Chl (r = −0.86) ( Table  2 ). All indices correlated poorly with Car, except SIPI (r = 0.37). SIPI, however, did not correlate with β-carotene/Chl (r = −0.03). 
The VAZ/Chl ratio showed the highest correlation (r = 0.97) with foliar isoprene emissions (Table 2) . PRI, HYPI and sHYPI correlated best with VAZ/Chl ( Table 2 ; r = −0.93, −0.97 and −0.97, respectively). SIPI correlated slightly better with V/Chl (r = −0.89) than with VAZ/Chl (r = −0.86) ( Table 2 ). All indices correlated poorly with Car, except SIPI (r = 0.37). SIPI, however, did not correlate with β-carotene/Chl (r = −0.03). Table 2 . Pearson correlation coefficients of investigated variables: log(isoprene emissions) = logarithm of isoprene emissions (nmol m −2 s −1 ); PRI; SIPI; HYPI = hyperspectral isoprene index; sHYPI = simple hyperspectral isoprene index; Car = total carotenoids; Chl = total chlorophylls; Car/Chl = total carotenoids/total chlorophylls ratio; N/Chl = neoxanthin/chlorophyll ratio; V/Chl = violaxanthin/chlorophyll ratio; A/Chl = antheraxanthin/chlorophyll ratio; Z/Chl = zeaxanthin/chlorophyll ratio; L/Chl = lutein/chlorophyll ratio; b/Chl = β-carotene/chlorophyll ratio; VAZ = xanthophyll-cycle pigment pools; EPS = epoxidation state. Correlation coefficients with p < 0.05 are shown in bold. 
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Discussion
This is the first study that explored the relationship between hyperspectral vegetation indices and foliar isoprene emissions throughout a canopy profile for plants growing under natural environmental conditions. The PRI is a good estimator of LUE at foliar [10, 24] , canopy [25] and ecosystem levels [13] . The applicability of PRI in predicting foliar isoprene emissions is based on the inverse relationship between isoprenoid emissions and LUE, due to the higher availability of photosynthetic reducing power for isoprenoid production under lower LUE levels [22] , and to the positive relationship between PRI (via changes in the xanthophyll cycle) and isoprene biosynthesis [26] .
Our results confirmed the earlier hypothesis [5] of a relationship between PRI and isoprene emissions, suggesting that PRI could be a suitable estimator of isoprene emissions at the canopy level. Furthermore, the presence of this relationship at the canopy level was related to the dependency of PRI on canopy structure and xanthophyll cycle inhibition or saturation [27, 28] , and on zeaxanthin-independent quenching [29] . PRI follows the seasonal change in carotenoid pigment pool sizes (relative to chlorophyll), and these carotenoid pigments are possibly related to isoprene biosynthesis [14] . Our results confirmed that among all pigment pools the xanthophylls (relative to chlorophyll) played an important role in determining isoprene emissions and drove the isoprene/PRI relationship. The existence of the isoprene/PRI relationship at the canopy level was strictly related to the ability of PRI to capture changes in the xanthophyll cycle. However, the physical basis of the relationships between HYPI, sHYPI and isoprene emissions need to be further investigated. Previous studies [30] indicated that the wavelengths in the NIR were not sensitive to chlorophyll content, but that they were related to leaf and canopy structures. The good performance of HYPI indices could be related to the different leaf structure of sun and shadow leaves [31] that emit isoprene differently.
The recent development of hyperspectral and multi-spectral sensors opens new possibilities in estimating canopy isoprene emissions. The multi-spectral Copernicus Sentinel-2 mission provides a large dataset which is helpful in understanding the photosynthetic processes of the canopy and the seasonal variability of pigments (e.g., chlorophylls). The hyperspectral EO-1 Hyperion sensor provides more than 200 spectral bands in the visible and near infrared regions that should be explored for estimating isoprene emissions. Furthermore, both Hyperion and Sentinel-2 data have a high spatial resolution of 30 m or less for some bands that can help in bridging the gap between the size of the isoprene flux footprint and pixel resolution. A new possibility is also offered by the hyperspectral sensor carried on unmanned aerial vehicles (UAVs) that permit the upscaling of canopy information to the ecosystem scale. Further studies should explore the use of high-resolution satellite and UAV images in estimating isoprene emissions at the canopy level.
Conclusions
This study confirmed that PRI is a suitable estimator of isoprene emissions at the canopy level. Interestingly, among all pigment pools, the xanthophyll cycle was the main contributor to isoprene biosynthesis and drove the isoprene/PRI relationship. Carotenoids did not play an important role in isoprene emissions and in the isoprene/PRI relationship. SIPI, HYPI and sHYPI, strongly related with the xanthophyll pool, and could be alternative remotely sensed estimators of isoprene emissions.
Author Contributions: M.B., J.P. and R.C. conceived and designed the experiment; M.B. performed the experiment. M.P-E. was involved in the measurements of foliar isoprene emissions; M.B. analyzed the data. All the authors contributed to write and discuss the paper. 
